Aims The frequency at which males can be maintained with hermaphrodites in androdioecious populations is predicted to depend on the selfing rate, because self-fertilization by hermaphrodites reduces prospective siring opportunities for males. In particular, high selfing rates by hermaphrodites are expected to exclude males from a population. Here, the first estimates are provided of the mating system from two wild hexaploid populations of the androdioecious European wind-pollinated plant M. annua with contrasting male frequencies. † Methods Four diploid microsatellite loci were used to genotype 19-20 progeny arrays from two populations of M. annua, one with males and one without. Mating-system parameters were estimated using the program MLTR. † Key Results Both populations had similar, intermediate outcrossing rates (t m ¼ 0 . 64 and 0 . 52 for the population with and without males, respectively). The population without males showed a lower level of correlated paternity and biparental inbreeding and higher allelic richness and gene diversity than the population with males.
INTRODUCTION
Although the majority of angiosperms are hermaphroditic, separate sexes have evolved repeatedly. In many of these cases, hermaphroditism has given way to dioecy, in which the two sexes are separated fully into male and female individuals (Renner and Ricklefs, 1995; Vamosi et al., 2003) . However, often the separation of the sexes is only partial, with females or males persisting with hermaphrodites in either gynodioecious or androdioecious populations, respectively (reviewed in Webb, 1999) . The sex ratio in dioecious species is usually close to 1 : 1, as expected by theory (Duesing, 1884; Fisher, 1930) . In contrast, the frequency of females or males in gynodioecious or androdioecious species tends to vary among populations (reviewed in Pannell, 2002) . This variation can be due to stochastic variation, the sex allocation of hermaphrodites, the rate at which hermaphrodites self-fertilize their ovules, the level of inbreeding depression suffered by selfedprogeny, and, in the case of gynodioecy, whether male-sterility genes are inherited maternally or biparentally (Lewis, 1941; Lloyd, 1975; Charlesworth and Charlesworth, 1978; Charlesworth and Ganders, 1979; Bailey and Delph, 2007b) .
Of the parameters that influence unisexual frequencies in gynodioecious and androdioecious species, the outcrossing rate is particularly important. In the case of gynodioecy, a combination of a low outcrossing rate with high levels of inbreeding depression can contribute to the maintenance of females (Charlesworth and Charlesworth, 1978) . In contrast, low outcrossing in hermaphrodites will always reduce the frequency of males in androdioecious populations unless inbreeding depression is complete (in which case the male frequency is independent of the selfing rate) (Charlesworth and Charlesworth, 1978) . Outcrossing rates of gynodioecious species have been estimated for a number of species, including Cucurbita foetidissima (Kohn and Biardi, 1995) , Plantago coronopus (Wolff et al., 1988) , Schiedea salicaria (Weller and Sakai, 2005) , Silene vulgaris (Miyake and Olson, 2009) , and others. Collin and Shykoff (2003) reviewed the outcrossing data in 20 gynodioecious species and concluded that females show high outcrossing estimates, as expected (the reported estimates can be ,1 due to biparental inbreeding), while outcrossing rates in hermaphrodites range from 0 to 1, with intermediate rates (mixed mating) being the most common. Sun and Ganders (1986) showed a clear correlation between the outcrossing rate of hermaphrodites and the frequency of females in gynodioecious Hawaiian populations of Bidens.
In contrast to gynodioecious species, much less is known about outcrossing-rate variation among self-compatible androdioecious plants, partly because these species are so rare. Three exceptions are: Datisca glomerata, in which high rates of outcrossing were estimated for two populations using RAPD markers (Fritsch and Rieseberg, 1992) ; Schizopepon bryoniaefolius, in which variable outcrossing rates among several populations can be inferred from estimates of the inbreeding coefficient calculated using isozymes (Akimoto et al., 1999) ; and Mercurialis annua, in which density-dependent outcrossing rates were estimated using a combination of cytotype and isozyme markers for plants growing in artificial mating arrays (Eppley and Pannell, 2007a) . Subsequent work on sex-ratio variation in experimental populations of M. annua is also consistent with density-dependent variation in its selfing rates .
Although aspects of the sexual and mating systems of M. annua have been the focus of study for some time (Durand, 1963; Pannell, 1997b, c; Obbard et al., 2006b; Eppley and Pannell, 2007a; Dorken and Pannell, 2008; reviewed in Pannell et al., 2008; Pujol et al., 2009) , it has hitherto not been possible to estimate the outcrossing rates for natural populations. This is because most Iberian populations of M. annua, where androdioecy occurs, are hexaploid, and markers appropriate for mating-system analysis have not been available. Recently, however, our knowledge of hybrid origin of hexaploid M. annua (Obbard et al., 2006a) has been used to develop microsatellite markers that amplify only in the diploid component in the hexaploid genome originating from one of its two parent taxa (Korbecka et al., 2010) . These markers are inherited in a diploid fashion and amplify consistently only one or two alleles per locus, as expected for a diploid locus. Here we ask whether these markers can be used to estimate the outcrossing rate of wild populations of M. annua using standard maximum likelihood estimators based on multilocus genotypes in progeny arrays (Ritland 2002) . Specifically, the outcrossing rate was determined for a high-density population with males (approx. 250 plants m
22
) and a lower-density population without males (25 plants m
). Although these two densities differ by an order of magnitude, both are within the higher range tested in Eppley and Pannell's study of density-dependent mating in M. annua (Eppley and Pannell, 2007a) ; they found that populations in which neighbours were closer than about 30 cm from each other were predominantly outcrossing.
MATERIALS AND METHODS

Seed collection and germination
Seeds were collected from two populations of Mercurialis annua in the southern part of its Iberian distribution in Andalucía, where previous work had shown high levels of within-population genetic variation (Obbard et al., 2006b; Pujol and Pannell, 2008) . Males were absent from a hermaphroditic population ('population H', reference 1000b, located near Carmona: 37 . 46 8N, 5 . 64 8W), whereas an androdioecious population ('population A', reference 1008a, located near Puente-Genil: 34 . 40 8N, 4 . 76 8W) contained males at a frequency of approx. 0 . 4. The two populations also differed markedly in their density: population H had approx. 25 plants m
22
, whereas population A had ten times this density (250 plants m
). Half-sib families were collected from 19 and 20 hermaphrodites from populations H and A, respectively. Mercurialis annua flowers indeterminately, dispersing its seeds throughout the flowering season, so that only a fraction of the seeds produced by a plant can be sampled at any point in time. To have sufficiently large half-sib families for matingsystem estimation, relatively large maternal plants in each population were haphazardly selected (see Discussion for the possible implications of this sampling strategy). Seed families were germinated in soil in the glasshouse in Oxford, and DNA was extracted from each of 24 progeny in each family using a modified CTAB protocol (Doyle and Doyle, 1987) .
Microsatellite genotyping
Four microsatellite loci developed for hexaploid M. annua by Korbecka et al. (2010) were used for mating-system estimation (i.e. Mh12, Mh15, Mh30 and Mh52, amplified together in a multiplex PCR). Sequences of all primers used here are described in this paper, except for locus Mh30, for which the reverse primer TTTAAGTTTGAGGCAGGTTCC was used. [This original primer was subsequently redesigned by Korbecka et al. (2010) to further improve multiplex PCR conditions.] Labelled PCR fragments were detected on an ABI 3730xl DNA Analyzer (Applied Biosystems), alongside an internal size standard (LIZ 500), and fragment sizes were recorded using Genemapper w software version 4 . 0 (Applied Biosystems). Individuals for which the PCR reactions failed for more than two loci were removed from analysis; the remaining data included 21-24 individuals per maternal genotype. In total, 922 offspring were included in final analyses (456 and 466 offspring from populations H and A, respectively).
Genetic and mating-system analysis
Allelic richness (A; El Mousadik and Petit, 1996) , gene diversity (H S ; Nei, 1987) and inbreeding coefficients (F IS ) per locus were calculated for the pooled families in each population using FSTAT v 2 . 9 . 3 (Goudet, 1995) .
MLTR version 3 . 2 (Ritland, 2002) was used to estimate parental inbreeding coefficients (F IS ), ovule and pollen allele frequencies, and the following mating-system parameters: single locus outcrossing rate (t s ), multi-locus outcrossing rate (t m ), single locus correlation of paternity (r ps ) and multi-locus correlation of paternity (r pm ). Maternal genotypes were inferred from the progeny using the maximum-likelihood method of Brown and Allard (1970) , with Newton -Raphson iteration. Standard errors for all parameters were derived by bootstrapping, with resampling conducted over families for each population (1000 bootstraps). To test if the estimated parameters were significantly lower than 1 or higher than 0, 1000 bootstrap values for each parameter were examined following Eckert and Barrett (1994) ; the detected difference from the test value was considered significant if a proportion (1 -a) of bootstrap values were either higher or lower than the test value, where a is the Bonferroni-corrected level of statistical significance (Rice, 1989) .
RESULTS
Genetic variation
All four loci used to genotype the progeny arrays were variable in both populations and yielded 7 -16 alleles per locus. For locus Mh52, based on maternal genotypes inferred manually, the present data were consistent with a frequency of null alleles in the population with and without males of 0 . 125 and 0 . 158, respectively. This locus was excluded for progeny arrays for which the maternal genotype was ambiguous as a result of these null alleles. There were about twice as many alleles in population H as in population A. Similarly, gene diversity was higher in population H (Table 1) .
Mating system
Both populations displayed mixed mating, with the outcrossing rates for populations H and A being 0 . 516 + 0 . 066 and 0 . 643 + 0 . 045. Both estimates were significantly different from both 1 . 0 and 0 . 0. Population H experienced higher levels of biparental inbreeding than population A (t m -t s . 0; Table 2 ). Parental inbreeding coefficients in both populations did not differ significantly from 0, although the value was higher for populations H (not significant after sequential Bonferroni correction as 96 . 2 % bootstrap values were higher than 0; Table 2 ). Finally, the single-locus and multi-locus correlation of paternity was significantly higher in population H than population A, indicating a higher fraction of outcrossed siblings that share the same father in the former population (Table 2) .
DISCUSSION
The present study has demonstrated the effective use of standard maximum likelihood estimators of the mating system of hexaploid androdioecious M. annua based on multilocus microsatellite genotypes in progeny arrays (Ritland, 2002) . Mercurialis annua is one of only very few androdioecious species and has become an interesting model for the study of transitions between combined and separate sexes . Until now, estimates of the mating system for wild populations of M. annua have not been possible for want of diploid-acting markers. The results thus represent an important step forward in our research programme to understand factors that maintain sexual-system polymorphisms in this species complex. As far as is known, this study also represents the first application of mating-system analysis using multilocus genotypes and progeny arrays for a hexaploid species.
Intermediate outcrossing rates were found for both populations of M. annua sampled. Although many angiosperms show mixed mating (Schemske and Lande, 1985; Goodwillie et al., 2005) , intermediate outcrossing rates are generally less common for wind-pollinated than insect-pollinated plants (Vogler and Kalisz, 2001 ); M. annua thus represents an atypical situation. In M. annua, mixed mating is probably best explained in terms of mass-action models (see Holsinger, 1991) , in which the probability of self-fertilization is a simple function of the relative numbers of self versus outcross pollen grains in the air around each receptive stigma. Under such a scenario, low rates of outcrossing for isolated plants and high outcrossing for plants at high density would be expected, as found by Eppley and Pannell (2007a) for experimental populations of M. annua. Mixed mating would then simply represent an intermediate scenario between these two extremes. The densities in both the populations sampled were relatively high compared with populations for which Eppley and Pannell (2007a) found intermediate selfing rates. It is thus somewhat surprising that the present estimated outcrossing rates were not higher than they were.
It is possible that the lower-than-expected outcrossing rates in our study are an artefact of the presence of null alleles in the sample, which would tend to increase apparent homozygosity (Jarne and David, 2008) . However, given the frequency of the null alleles we detected (about 0 . 15) and intermediate outcrossing rates estimated, the difference between estimated and actual outcrossing rates should not be larger than about 0 . 1 (see figure 1 in Supplement 6 in Jarne and David, 2008) . Null alleles alone would therefore seem to be an inadequate explanation for the unexpectedly low outcrossing rates observed.
Alternatively, the lower than expected outcrossing rates might be attributable to an element of sampling bias. Plants were sampled from natural populations, in which individuals were neither regularly spaced nor of uniform size. Moreover, because it was necessary to sample plants with sufficiently large half-sib families for mating-system estimation, the sampling was probably biased towards relatively large individuals. Eppley and Pannell's experiment (Eppley and Pannell, 2007a ) manipulated density by placing plants of reasonably uniform sizes in regular square arrays, and they predicted outcrossing-rate variation in terms of population density and sex allocation on a similar basis. Given that large plants will tend to contribute disproportionally to the local pollen cloud around their receptive stigmas, the present sampling strategy probably underestimated the outcrossing rate for these populations. A higher level of correlated paternity was found in population H than in population A; i.e. seeds produced by a given hermaphrodite were more likely to have been sired by different fathers in the high-density androdioecious population than the lower-density population lacking males. Males of M. annua disperse their pollen from erect inflorescence stalks ( peduncles) held above the plant canopy, whereas hermaphrodites disperse their pollen from subsessile axillary inflorescences (Pannell, 1997c) . Eppley and Pannell (2007a) inferred from their results that pollen grains dispersed by males were 1 . 6 times more likely to sire a progeny on another individual than those dispersed by hermaphrodites, probably as a result of the different inflorescence architectures. It is likely that the pollen dispersal curve for males versus hermaphrodites differs not only in its absolute density, but also in its shape, with the former indicating more efficient longer-distance dispersal than the latter. If this is so, then pollen from a wider mix of potential outcross donors would be expected to reach stigmas in populations with a high frequency of males, as was observed.
To what extent are the present estimates of the mating system of these two populations consistent with the maintenance of males in population A and their absence in population H? The frequency of males can be predicted in terms of the outcrossing rate, the level of inbreeding depression suffered by selfed progeny, differential survivorship of males versus hermaphrodites, and their relative levels of pollen production (Lloyd, 1975; Charlesworth and Charlesworth, 1978; Charlesworth, 1984) . Inbreeding depression for Iberian populations of M. annua has been estimated as negligible (Pujol et al., 2009) , and there is no evidence for differential survivorship of the two genders (Pannell, 1997b, c) . With these simplifications, Lloyd's equation for the frequency of males (Lloyd, 1975) can be modified as t(r -2)/(2r -2), where t is outcrossing rate by hermaphrodites and r is the amount of pollen produced by males relative to hermaphrodites. In the region the sampling was conducted, 4 , r , 10 (Pannell, 1997b; J. R. Pannell, unpubl. res.) . The present estimates of an outcrossing rate of approx. 0 . 5 for both of the study populations are thus consistent with a frequency of males of between 0 . 17 and 0 . 22. These values are evidently too high for population H (in which there were no males) and too low for population A (in which the frequency of males was 0 . 4). Given that the outcrossing rates were probably under-estimated (see above), the high frequency of males in population A seems easier to explain in terms of local mating patterns than their absence from population H.
The absence of males from populations of M. annua may be explained not only in terms of low potential siring success locally (e.g. if the outcrossing rate is too low), but also by their simple loss through drift, or because the population was established by one or more self-fertilizing hermaphrodites. Non-equilibrium processes under a 'metapopulation' model have in fact been advanced to explain not only sex-ratio variation in M. annua (Pannell, 1997a, b; Pannell, 2000) , but also patterns of occupancy and abundance (Eppley and Pannell, 2007b) , patterns of genetic diversity (Obbard et al., 2006b) , and responsiveness to selection in the species . Non-equilibrium processes, in particular local colonization bottlenecks, have similarly been invoked to account for sex-ratio variation in gynodioecious Silene vulgaris (Olson et al., 2005) , Plantago lanceolata (Van Damme and Van Delden, 1982) , Thymus vulgaris (Belhassen et al., 1989) and Beta vulgaris (De Cauwer, 2010) ; see Frank and Barr (2001) and Bailey and Delph (2007a) for a synthetic view of gynodioecious sex ratios under non-equilibrium conditions.
In conclusion, the present results demonstrate the utility of new diploid-acting microsatellite loci for mating-system inference using progeny arrays in hexaploid androdioecious M. annua, and represent a useful advance in the study of polyploid plant populations generally and of androdioecy more specifically. The estimated outcrossing rates are lower than those found or inferred for the two other androdioecious plants studied to date, Datisca glomerata (Fritsch and Rieseberg, 1992) and Schizopepon bryoniaefolius (Akimoto et al., 1999) , but they may nevertheless be consistent with plausible models of mating-system evolution for species with ephemeral populations and subject to density-dependent mating, such as M. annua. It will now be interesting to conduct a broader study of outcrossing rates in M. annua that pays particular attention to the possible effects of variation in population density, male frequency, and the size distribution within and among populations of the species. Values given in parentheses are the standard deviations of 1000 bootstrap samples per estimate, which can be treated as approximations of standard errors of the mating system parameters when sampling repeatedly from a population (Sokal and Rohlf, 1995) .
* Value of the parameter is significantly different from 0 and 1 (100 % bootstrap values were between 0 and 1).
